ABSTRACT We demonstrate a smartphone-based low cost photolithography technique that can be easily adapted, especially in university laboratories. In the initial experiments, we used only the display from a smartphone as the source of light and successfully transferred micrometer sized patterns in an optical mask on to a silicon wafer coated with photoresist microposit S1805. The fabricated patterns were identical to the features in the optical mask and had minimum critical dimension variation of 800 nm. However, the exposure time required to polymerize the photoresist film with adequate dosage of light was long (up to 40 minutes). In the next stage, we optimized the setup by making use of irradiation from UV LED arrays attached to the opposite long edges of the smartphone and reduced the required exposure time by 50%. Finally, we extended the lithography experiments to showcase potential of the proposed smartphone-based lithography as a lowcost tool to perform maskless lithography. For the later, an interdigital transducer (IDT) design was displayed and successfully transferred as a pattern on to a photoresist coated wafer sample. Further metallic electrodes of the IDT was fabricated on the sample through lift-off process, where the transferred pattern was utilized as sacrificial layer in the process. Finally, the fabricated IDT was verified as a sensor to detect conductivity of liquid samples, and thus, demonstrating the usability of the technique in designing laboratory exercises.
I. INTRODUCTION
Microelectronic devices are key components of modern day electronic systems ranging from consumer products to healthcare monitoring systems [1] . These devices are commonly manufactured using functional materials such as silicon wafer substrates through microfabrication processes [2] . One of the key steps in the fabrication process is patterning the substrate with the device features using ultraviolet (UV) photolithography, wherein the circuit or component pattern in an optical mask is transferred to a photoresist coated wafer substrate. Usually, a mask aligner equipment comprising mercury vapor lamp as the UV source is employed in the lithography. These mask aligners are generally quite expensive and require a clean room infrastructure. Clearly, such fabrication facilities are affordable by only a few university laboratories and semiconductor fabrication industries [3] . Majority of the university laboratories with limited funding may not be able to procure these expensive microfabrication tools even for teaching purposes. However, it is important to introduce innovation and cutting-edge topics in teaching courses that involve microdevices design, fabrication, and analysis in electronics engineering education.
Earlier, following Huntington and Odom [4] , our research group developed a low cost photolithography tool using UV LED torch as the light source and successfully demonstrated fabrication of surface acoustic wave (SAW) devices -a kind of microdevices used for sensing and communication. We noticed that non-uniform irradiance from the UV LED torch caused fabrication anomalies and such a setup was suitable to fabricate devices only on small wafer pieces [5] . Subsequently, we investigated different methods to optimize the technique and successfully batch fabricated multiple devices (SAW devices) on a larger wafer piece [6] . It is important to note that in our setup no lens was used to focus the UV light, rather the distance between the UV LED source and mask was adjusted to attain best uniform irradiance at the mask surface [6] .
Recently, a report on the use of a smartphone in resin based 3D printing to produce 3D polymer structures was published [7] . Encouraged by our recent success with the low cost UV LED based photolithography and our motivation to explore simpler methods to perform photolithography that can be easily adapted in university laboratories for teaching purposes, in the present work we investigated the suitability of smartphone display for photolithography process. Based on the results, we propose a smartphone based lithography setup to fabricate functional microdevices, both with and without a mask. The organic light emitting diode (OLED) based display in the smartphone was used as the light source for lithography and we explored two possibilities: (a) use the display as a mere source of light to pattern photoresist and transfer the pattern on a chrome mask to a functional material, and (b) perform maskless photolithography by displaying a micrometer sized feature and transfer the feature to a photoresist coated functional material. We chose inter-digital (ID) patterns as example features in all our experiments. We could achieve transfer of patterns in an optical mask containing micrometer dimensioned features on to silicon wafers coated with photoresist with critical dimension (CD) variation of 800 nm. However, the required exposure time for the lithography was quite long. To circumvent this issue, the setup was optimized by including UV LED arrays along the sides of the smartphone, and with this improvement we were able to reduce the required exposure time by 50%. To showcase the potential of the proposed smartphone based lithography as a low-cost maskless lithography system, an ID pattern design displayed from the smartphone was successfully transferred on to a photoresist coated silicon wafer sample. Furthermore, the patterned wafer piece was devised as interdigital transducer (IDT) through lift-off process. Finally, demonstrated the fabricated IDT as a sensor to detect conductivity in a liquid and thus demonstrating the usability of the technique for designing laboratory exercises in learning microfabrication of sensors at a low cost investment.
II. EXPERIMENT
A Samsung Galaxy J5 having active-matrix OLED display was used in the experiments. This display uses a thin-film transistor backplane enabling direct access to individual pixel and precise control [8] . The experimental and numerical simulation details of the setup used for investigating the irradiance characteristics of the smartphone display are given below.
A. IRRADIANCE DISTRIBUTION MEASUREMENT
A single channel spectrometer Avaspec-ULS2048 (Avantes) was used to measure the irradiance distribution across the smartphone screen displaying white color for wavelengths ranging from 380 nm to 780 nm. Figure 1 shows the plot of maximum intensity of the light versus the wavelength. A maximum intensity of 280 counts and a minimum intensity of 85 counts were observed for wavelengths of 453 nm and 610 nm, respectively. We chose 453 nm for further experiments and the irradiance across the smartphone display screen displaying 453 nm color image was measured. The measured spectral intensity of the display varied gradually from ∼78 µW/cm 2 at the top to ∼65 µW/cm 2 at the bottom, with an average value of 73 µW/cm 2 (Fig. 2) . This non-uniform irradiance distribution will definitely reduce the fabrication quality as the top region would experience overexposure while the bottom region, underexposure. In order to achieve maximum uniformity in the illumination across the display for 453 nm wavelength, an Android mobile app was developed such that intensity of the display at different regions can be controlled. With the app, the irradiance intensity of the top region was reduced to match with that of the lower region. Figure 3a shows the optimized irradiance distribution after fine-tuning the intensity using the developed app. The measured irradiance is uniform with an average value of 70 µW/cm 2 . Figure 3b compares the irradiance intensity distribution measured along a line running from top to bottom through the center of the display before and after optimization. It can be noticed that with the use of the app uniform irradiance is achieved across the display.
B. MASK TO WAFER SUBSTRATE TRANSFER OF PATTERN USING SMARTPHONE
An optical photomask containing ID patterns with 24.65 µm line width (see Fig. A1 in the Supplementary Material) was used. Standard lithography procedure was carried out with the following process steps. (1) A two inch wafer of clean Si was spin-coated with photoresist S1805 at a spin rate of 2000 rpm and ramp speed of 1000 rpm for 15 seconds. ( 2) The wafer sample was pre-baked using a hotplate at 105 • C for 60 seconds. (3) An optical mask was placed on to the display screen. (4) The wafer sample was placed above the mask with photoresist-coated surface facing the display. (5) The display with 453 nm emission was kept ON for certain minutes (optimized during fabrication experiments to reach sufficient dosage to polymerize photoresist). The wafer sample was kept stationary during the light exposure by placing soft weights on the sample. (6) Post-baking of the samples was performed by heating the exposed samples with photoresist using the hotplate at 120 • C for 60 seconds. (6) Finally, the sample was developed using AZ826 MIF developer for 60 seconds. An Olympus BX51 microscope was used to inspect the fabricated patterns, perform optical measurements, and record images of the developed patterns. Figure 4a is a photograph of photoresist-coated wafer sample patterned with ID features. It can be seen that the batch fabrication of 11 identical device features was achieved by simply using the smartphone display in place of a UV mask aligner. Figure 4b is a micrograph showing typical ID features. The dimension of an ID pattern line width is 24.8 µm and the value is close to the actual size of 24.65 µm in the mask. Figure 4c shows the average ID feature size estimated from optical microscope images from all 11 device patterns. It can be noted that all the devices had feature sizes close to 24.65 µm with maximum critical dimension (CD) variation of 800 nm. Thus, it is evident that the uniform irradiance from the display assisted in batch fabrication with low values of CD variation. It should be noted that these results were obtained after optimizing the exposure time to 40 minutes. Prior to the optimization, several fabrication experiments were conducted with different wavelengths and exposure times. It was concluded at this stage that an exposure time of 40 min at 453 nm produced the best fabrication results. The results obtained during the optimization experiments are shown in Fig. A2 (Supplementary Material). Although it is exciting to note the fabrication possibilities merely with the use of a smartphone display, the exposure time required is considerable. Nevertheless, it is a cost-effective technique to perform photolithography. The next logical step, therefore, was to explore possibilities to reduce the exposure time. To this end, our further efforts were directed towards designing an optimized setup with UV LEDs as an adjunct to the already proven smartphone display based lithography as described below.
III. RESULTS AND DISCUSSION

A. FABRICATION USING ONLY THE SMARTPHONE DISPLAY
B. COMBININING UV LED ARRAY WITH SMARTPHONE DISPLAY
The 453 nm light from the smartphone display suffers from low photoresist absorption rate needing exposure duration of the order of 40 min to reach optimum exposure dosage. In order to accelerate the light absorption rate, we decided to build a photolithography setup by adding two linear arrays of 385 nm UV LEDs on opposite sides (along the longer edge) of the smartphone display, as shown in Figure 5 . In this setup, 20 LEDs were connected in a parallel circuit and powered by a constant current supply. Both arrays of LEDs were held by veroboard bracket support such that the LEDs are placed perpendicular to the flat surface of the display. Prior to the experiments, the irradiance distribution from the UV LED array was theoretically estimated using models used in our earlier work [6] . Figure 6 shows the theoretically estimated total irradiance distribution across the display due to the combination of irradiance from both smartphone (micro-OLED) display and UV LED arrays. It can be seen that the irradiance value is maximum (180 µW/cm 2 ) in the vicinity of LEDs and reduces exponentially towards the center of the smartphone display, reaching a value of 105 µW/cm 2 . As it is important to achieve uniform irradiance over the entire surface when the UV LEDs are kept ON, the developed Android application program (explained under Section IIA) was used to optimize the micro-OLED array intensity to maximize uniformity in irradiance across the display surface. Figure 7 shows the experimentally measured irradiance distribution along the center of the display before and after VOLUME 6, 2018 the optimization. It can be seen that the micro-OLED display intensity was modified to counteract the irradiance due to the UV LED arrays such that the total irradiance resulting from the combined light intensities is uniformly distributed. Further, adapting the experimental procedure mentioned in Section II, several fabrication trials were carried out to pattern photoresist-coated wafer sample at a possible minimum exposure time. In the fabrication trials, both UV LED and OLED displays were switched ON for an exposure time of T combined minutes, and then UV LED is switched OFF while indicating the exposure dosage is insufficient. Figures 8c  and d show better pattern quality with uniform photoresist thickness and sidewall profile. Overall, it can be inferred that an increase in UV LED exposure duration assists in achieving adequate dosage for photoresist as seen from the improved sidewall profile. It was observed, however, that when UV LED exposure is increased beyond 10 minutes, uneven sidewall profile was obtained due to directional light from the UV LED array (refer to Fig. A3 in the Supplementary Material). The CD variation among different regions of the sample and difference between linewidth size patterned on the sample and mask were estimated and given in Table 1 . It can be readily seen that the CD variation is not beyond ±1.5 µm, indicating that the irradiance is uniformly distributed. Modifying the smartphone display intensity is highly effective and we obtained a CD variation of ±0.5 µm in trial 4. Thus, by including the UV LED array as depicted in Figure 5 and employing optimum T total and T combined exposure duration resulted in the best patterned ID features. With this, the exposure time was reduced by 50% compared to that using the smartphone display alone. This improvement was achieved because the 385 nm wavelength from UV LED array has stronger photoresist absorption coefficient (helps faster polymerization of the photoresist) as compared to the 453 nm light from the micro-OLED display. To take it to the next level, we explored the possibility to exclude the mask and perform maskless lithography using the present optimized smartphone photolithography setup.
C. MASKLESS PHOTOLITHOGRAPHY USING THE SMARTPHONE DISPLAY
Maskless lithography was experimented through fabrication of interdigital transducer (IDT) patterns made of aluminum on a silicon wafer sample. It was observed that the minimum pixel width of the smartphone display was approximately 200 µm and hence to show the proof of concept of maskless lithography, the linewidth size of the pattern was chosen in the millimeter range. It should be noted that millimeter-sized ID metal patterns on semiconductor or insulator substrate are widely used as IDT for conductometric sensors. For instance, a 2 mm pitch size (1 mm linewidth) electrode was used recently as IDT to sense glucose [9] . Accordingly, an IDT consisting of five pairs of electrodes, each having 0.6 mm width and 0.8 mm gap between the electrodes shown in Figure 9a , was considered as an example device design. Further, an Android app was developed to draw pattern lines with 453 nm color pattern on display. Figure 9b shows the photograph of the maskless lithography setup. It can be seen that the setup is similar to that shown in Figure 5 except that the optical mask is excluded; rather the pattern to be fabricated is directly displayed on the screen. The photoresist S1805 was coated on the bare silicon wafer sample and photolithography process was conducted by placing the photoresist coated side of the sample facing the display. The optimal exposure times of T total = 20 minutes and T combined = 10.5 minutes were used. After the exposure, the sample was developed by placing it in a beaker containing AZ826 developer solution. Figure 10a shows the photoresist patterns developed on the wafer sample. Further, thin aluminum metal film of thickness of ∼150 nm was coated on the wafer sample using a thermal evaporator and the lift-off was carried out by placing the sample in acetone, leaving metallic IDT electrodes on the silicon wafer. Figure 10b shows the image of the wafer sample with finished IDT pattern. The average electrode width was estimated at 816±65 µm which is close to the value of the original design (Fig. 9a) .
D. FABRICATED DEVICE AS A CONDUCTIVITY SENSOR
To demonstrate an application of the fabricated IDT, it was tested for differentiating two liquid samples with different conductivity values: (1) ultrapure deionized (DI) water and (2) tap water with conductivity values of 1 and 47 ppm, respectively. The IDT was connected to a source measurement unit (Keithley 2450) and the liquid sample was dropped over the IDT. The current across the IDT was measured for different input values of voltage. Figure 10c shows the plot of current versus voltage. It can be seen that negligible current was recorded when there was no water sample-IDT interaction. Moreover, it can be noticed that as the conductivity of DI water was too low, the current reached a saturated value of 50 µA for an input voltage of 5V whereas the current linearly increased with voltage for tap water, indicating that the IDT with the tap water is resistive nature. This experiment differentiates the conductivities of the water samples based on the resistance change of IDT and exemplifies potential applications (as laboratory experiments) of the simple photolithography setup.
IV. CONCLUSION
In summary, a smartphone display was progressively improvised as the light source for carrying out maskless photolithography. In the early and simplest design of the smartphone-assisted photolithography setup, successful pattern transfer from an optical mask to a photoresist required long exposure time (∼40 min). However, the fabrication results demonstrated that by simply using a smartphone display as the irradiation source, successful microfabrication of simple devices was possible. Further improvement in the set up sought to reduce the exposure time. This was achieved by including UV LED arrays in the setup with optimized exposure condition, resulting in a reduction of the required exposure time by 50%. Importantly, the facility in the smartphone to fine tune the intensity levels of pixels assisted in gaining uniform irradiance across the display. This enabled the proposed setup to achieve batch fabrication with CD variation as low as 500 nm. As the smartphone can be programmed to draw and display mask patterns, the final enhancement of the smartphone-assisted lithography focused on maskless lithography using the optimized setup. An interdigital transducer pattern was displayed on the smartphone and at optimum exposure conditions the pattern was directly transferred on to the photoresist-coated wafer sample successfully and realized as a conductometric sensor. To conclude, the present work shows a simple smartphone based photolithography setup that can be easily adapted in university laboratories. Accordingly, the curriculum in microelectromechanical systems (MEMS) that involves microfabrication and microsensor design can easily be included in undergraduate teaching without the university having a sophisticated fabrication laboratory. Moreover, with advances in OLED display yielding higher resolution, the accuracy and robustness of the photolithography technique can be improved in a way that the proposed technique could replace the traditional expensive mask aligner equipment. 
